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architecture, the nature of the association
of the ATP synthase with the respirasome,
and the role of supercomplexes in human
mitochondrial disease and in aging. Sort-
ing out these issues should be interesting,
but technically challenging. Given this
context, you might not want to hold your
breath waiting for the answers.
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Thermostats have ‘‘set-points’’ that engineers design with mathematical rigor. Work in this issue of Cell
Metabolism (Tam et al., 2009) applies similar modeling strategies to explore the control of murine energy
and body weight homeostasis by leptin.Despite their best efforts and intentions,
many people who are overweight or
obese find it difficult to lose weight and
then maintain their weight loss. This
observation, combined with recent basic
mechanistic discoveries, suggest the
existence of a body weight ‘‘set-point’’—
an idea borrowed from the field of engi-
neering where feedback control systems
are designed to regulate a particular vari-
able to match a specified target. In the
case of body weight regulation, argu-
ments about the applicability of the set-
point concept have been ongoing for
decades (Cabanac, 2001; Hervey, 1969;
Mrosovsky and Powley, 1977; Reddin-
gius, 1980; Wirtshafter and Davis, 1977).
But much of this debate occurred prior
to the discovery of leptin, which we
now know acts as an adiposity feedback
signal to the hypothalamic control
system (Zhang et al., 1994). Most
researchers believe that this leptin feed-
back system plays a predominant role
in the regulation of body weight, but thekind of feedback control strategy under-
lying this system remains unclear. A
new study in this issue uses mathemat-
ical modeling to examine this question
(Tam et al., 2009).
To investigate how a system behaves
when subjected to different feedback
control strategies, engineers commonly
develop mathematical models to help
understand the behavior of the regulated
system. Can a mathematical model of
energy metabolism be developed to test
various hypotheses about how leptin
acts to control body weight? While
several groups have begun to develop
realistic mathematical models of energy
metabolism and body weight change (re-
viewed in Chow and Hall, 2008), the study
by Tam et al. (2009) expands on previous
models by explicitly describing the roles
of leptin in modulating both food intake
and energy expenditure in mice. In partic-
ular, Tam et al. used their models to inves-
tigate how leptin might act in hypothetical
feedback control strategies and deter-Cell Metabolmined which control strategy is most
consistent with the data.
One strategy for controlling body
weight, called proportional feedback
control, involves measuring leptin and ad-
justing food intake or energy expenditure
in proportion to the difference between
the current leptin level and its set-point
value. With proportional control there
has to be an ‘‘error’’ to produce a
controller output, and therefore a small
offset of leptin away from its set-point
will always be present. In another control
strategy, referred to as integral control,
the controller is proportional to both the
magnitude and duration of the set-point
offset. Often, these two strategies are
used in combination in a control strategy
called proportional integral control. The
integral action eliminates the set-point
error remaining when proportional control
is used alone.
In their set-point model, Tam et al. im-
plemented a proportional integral control
strategy for body weight regulation andism 9, January 7, 2009 ª2009 Elsevier Inc. 3
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Previewsfound that their model simulations were
not consistent with the mouse data on
diet-induced obesity since the integral
term of the feedback controller eventually
restored a normal body weight despite
continued feeding of a high-energy diet.
In contrast, an integral controller may be
required to explain the observation that
rodents maintain a constant body weight
when provided diluted diets (Adolph,
1947). Thus, Tam et al. argue that the
rodent data suggest a hybrid feedback
control strategy depending on whether
dietary perturbations result in transient
positive or negative energy balance—with
robust integral control operating only in
cases of negative energy balance.
To explain the diverse susceptibility to
diet-induced obesity in different mouse
strains, the authors found it necessary to
model variable degrees of developing lep-
tin resistance. Furthermore, for particular
model parameter values, there is an
intriguing possibility that the development
of leptin resistance can result in multiple
body weight steady states—a result that
was previously suggested using methods
from dynamical systems theory (Hall
and Polidori, 2002). Identifying the mech-
anisms responsible for these conse-
quences of leptin resistance may lead to
novel obesity therapies.
The models and feedback control strat-
egies introduced by Tam et al. raise the
conceptual argument between set-point
versus ‘‘settling point’’ models of body
weight regulation. Settling point has tradi-
tionally been used to describe a system
without active feedback control of food
intake (Payne and Dugdale, 1977). Alter-
natively, models that do not directly
specify a set-point value but that include
active feedback control have also been
called settling point models (Wirtshafter
and Davis, 1977). Tamet al. follow the latter
convention in naming their settling point4 Cell Metabolism 9, January 7, 2009 ª2009model, which includes leptin control of
food intake. In contrast, they define a set-
point model to be a system that uses
proportional integral feedback control—
a stipulation that has never before been
suggested by proponents of the set-point
theory. Rather, set-point theorists have
traditionally used proportional feedback
control (Cabanac, 2001; Reddingius,
1980). Thus, while Tam et al.’s mathe-
matics is sound, their conceptual analysis
isopen to interpretation. In fact, elimination
of the integral terms of Equations 8 and 9 in
their set-point model retains the traditional
characteristics of a set-point system but
results in a model that is a simple lineariza-
tion of their settling point model. In other
words, settling point and set-point models
are practically identical, and debating the
terminology distracts from the important
question of how leptin acts as a feedback
signal to control body weight. Fortunately,
the explicit language of mathematics is not
confused by such semantic arguments.
There are also some subtle concerns
with the behavior of Tam et al.’s model
that need to be addressed. For example,
simulation of a wild-type mouse starts
with an unrealistically high food intake
rate of 5.5 g/mouse/d at age 5 weeks,
similar to a massively obese ob/ob
mouse, which progressively declines to
a more reasonable food intake rate of
3.6 g/mouse/d by week 25. Model simula-
tions thus predict food intake behavior of
wild-type mice that is not consistent with
experimental observations. Furthermore,
no predictions of the model have yet
been verified by independent experi-
mental data.
All models are inherently limited in that
they are incomplete representations of
the real systems, for which they have
been developed to explain. Despite this
limitation, a model can still be a useful
tool in aiding our understanding of theElsevier Inc.system in question. Pollard (Pollard,
2002) argued that ‘‘. formulation of
a mathematical model is the ultimate test
of understanding molecular physiology. If
the model reproduces the behavior of the
system under a range of conditions and
predicts the consequences of genetic
modifications in any component, one can
be relatively confident about under-
standing the system.’’ The model devel-
oped by Tam et al. describing leptin’s
role in modulating both food intake and
energy expenditure represents the first
step in an iterative process of model
development and experimental testing of
model predictions. It is through this itera-
tive process that modeling can direct
future investigations and improve our
understanding of body weight regulation
system behavior.
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